Breast density is a moderate risk factor for breast cancer based on quantitative measurement of percent breast density from film-screen mammograms. In this study, percent breast density was determined using computer-assisted interactive thresholding software from sixty consecutive mammograms of women undergoing digital screening mammography with a prior film-screen mammogram obtained within the last two years. Observations were made regarding discrepancies in density readings. Percent breast density was significantly lower for digital mammograms (mean 32.2%) compared to analog mammograms (mean 40.3%) (p<0.0001). This was not significant for women with less than 20% breast density (range +0.3 to -2.7%), but larger differences were seen with increasing density (12.5-14.9% lower for >50% density). Differences in density readings between analog and digital mammography were largely observed to be due to better recognition of the skin line on digital mammograms resulting in inclusion of more subcutaneous fat. Difficulties with appropriate recognition of subcutaneous breast tissue and fatty tissue near the chest wall were present for both analog and digital mammography. In conclusion, percent breast density is significantly lower when the mammogram is acquired in digital format compared to film-screen, largely due to better recognition of the skin line with resultant inclusion of more subcutaneous fat. Breast cancer risk predictions based on computerized assessment of breast density may be underestimated when applied to digital mammography.
Introduction
Mammographic breast density is associated with increased breast cancer risk (1, 2) . In our recent review (3), 12 of 12 studies using quantitative assessment of percent breast density showed a moderate to strong positive association with breast cancer risk. Comparing the most dense breast tissue categories to the least dense, the odds ratios (OR) range from 1.8 to 6.0, with most studies demonstrating OR of 4.0 or higher.
The quantitative methods used to estimate percent breast density vary from visual assessment of percent density (4-6), manual planimetry (7-9), and computer assisted planimetry (1, 2, 10) . Visual assessment of percent breast density has used 5 to 20 categories (4, 11) and is reasonably reproducible (12, 13) . Manual planimetry has largely been abandoned for computer assisted methods. Two techniques have used computers to measure density. In the first the operator outlines the skin line and breast tissue contours using a mouse (10). In the second method, which was developed at the University of Toronto, the histogram of the mammogram is segmented into fat and breast tissue by the operator (interactive thresholding) (14). This last method has excellent reproducibility (kappa 0.94 (14) ) and is currently the most widely used method. The association with breast density as measured by this method and breast cancer risk has been demonstrated in large cohort studies (1, 2) .
Studies using quantitative assessment of breast density have all used film screen mammograms. These mammograms are digitized in order to use the interactive thresholding technique. However, mammograms acquired using direct digital acquisition have been clinically available for several years and are becoming much more common. Future studies evaluating breast density will likely include women with film screen and digital mammograms.
In this study, we performed quantitative assessment of breast density using interactive thresholding software for women with a normal digital screening mammogram and a recent analog mammogram in order to compare differences in percent density with the two acquisition methods and made observations regarding the limitations of each using current quantitative methods.
Methods
This study was given exempt status by our institutional Human Investigations Committee. Sixty consecutive normal digital screening mammograms were obtained over eight business days from women with an analog mammogram within the last 25 months. Women with an abnormal screening mammogram or with a prior mammogram at another institution were excluded.
Analog mammograms were obtained 12.1 to 25.0 months (mean 19.0 months) prior to the digital mammogram. These were obtained on mammography units at our screening sites (Lorad MIV, Hologic, Bedford, MA; Instrumentarium Performa, General Electric, Waukesha, WI; Mammomat III, Seimans, Malvern, PA) using the same film (Min-R 2000, Eastman-Kodak, Rochester, NY) and screen combination (Eastman-Kodak, Rochester, NY). Analog mammograms were digitized using a Lumisys 85 (Eastman-Kodak, Rochester, NY) with an optical density range of 0.0-4.2 at a resolution of 5120 pixels. Digital mammograms were all obtained on Senographe 2000D units (General Electric, Waukesha, WI). The left craniocaudal view was used in all cases unless the patient had undergone interval intervention on the left side, such as cyst aspiration or core needle biopsy, in which case the right craniocaudal view was used. Standard post image processing algorithms supplied by the manufacturer were applied. Images were converted from DICOM to bitmaps.
Quantitative percent breast density assessment was performed using computer-assisted interactive thresholding software developed at the University of Toronto (14). Quantitative assessment was performed for digital and analog mammograms simultaneously by one radiologist specialized in breast imaging with over 3 years of experience with this software. Observations were made as to the origin of observed differences in density.
Student t-test was used to compare analog and digital breast density (paired, two-sided). Linear regression was used to assess for linearity in density readings for analog and digital mammograms.
Results
Percent breast density for the 60 cases was significantly lower for digital mammograms (mean 32.2%, 95% confidence intervals (CI) 27.5-36.9%) compared to analog mammograms (mean 40.3%, 95% CI 34.8-45.8%) (p<0.0001). Differences were larger and more significant with greater percent breast density (Table I) . However differences were not as large for the densest breasts (>70%) ( Table I) .
Harvey
Linear regression showed excellent correlation (r = 0.96) between analog and digital mammograms. The data slope was not significantly different from one (p = 0.20) (Figure 1 ). The 95% CIs were larger for the least and most dense breasts.
Several observations were made that may account for differences in percent breast density measurements using analog and digital mammograms. The skin line was frequently easier to recognize on digital mammograms, resulting in inclusion of more subcutaneous fat ( Figure 2 ). On both analog and digital mammograms, breast tissue near the skin line was not consistently recognized as such ( Figure 3 ). Occasionally, fatty tissue near the chest wall was included as breast tissue typically on analog images (Figure 4) . In a few digital mammography cases, skin was included as breast tissue ( Figure 5 ). Differences in the whiteness of the breast tissue (pixel depth) are not accounted for when using this method ( Figure 6 ).
Discussion
Current quantitative methods of assessing percent breast density define the skin line and segment the mammogram into fat and breast tissue. Percent breast density is determined by dividing the pixels of breast tissue by the total pixels of breast area. This can be done manually using a mouse or by using pixel depth in the interactive thresholding technique. Several investigators are developing automated segmentation of the mammogram, also based on pixel depth, with good results (15-18).
The use of pixel depth to define the skin line and breast tissue from fat has inherent limitations. Variability in breast thickness may affect pixel depth, with lower pixel values near the skin line and higher pixel values near the chest wall. For most women, the compressed breast will be largely of uniform thickness except for the 1-2 centimeters adjacent to the skin line. However, for some women with less compliant breasts, the thickness of the most posterior portion of the breast may limit the ability to compress the anterior breast.
Because there is less tissue being imaged adjacent to the skin line, this area is often overpenetrated on analog images where the skin line is typically difficult to see. This effect is likely more frequent with greater breast thickness and higher breast density as these breasts require a higher exposure, resulting in greater overpenetration near the skin line. Unfortunately, we did not collect breast thickness data during this study to verify this association. Overpenetration near the skin line is compensated for on digital mammograms by using a tissue equalization (thickness compensa-tion) algorithm, which reduces the dynamic range of the breast tissues by compensating for the breast thickness decrease near the breast border (JW Eberhard, General Electric, verbal communication). In this way, the breast tissues are visible from the chest wall to the skin line.
In this study, the skin line was better identified on digital mammograms resulting in the inclusion of more subcutaneous fat and lower percent breast density on digital mammograms. However, because the pixel depth near the skin line has been "enhanced" on digital mammograms, we observed that the skin itself may be included as breast tissue on some digital mammograms.
Other difficulties in assessing percent breast density due to uneven breast thickness are poorer recognition of breast tissue located near the skin line and inclusion of fatty tissue near the chest wall as breast tissue. In this study, these affects were observed on both analog and digital mammograms. Digital mammography would be the ideal setting in which to do further post image processing to better account for uneven breast thickness. This would improve recognition of subcutaneous breast tissue and better differentiate between fat and breast tissue near the chest wall. This study used the standard post-image processing supplied by the manufacturer. However, newer image processing methods are now available (e.g., Premium View, General Electric, Waukesha, WI). Each post-processing algorithm may result in different measurements of breast density. Investigators using digital mammograms to assess percent breast density should be aware of these potential differences.
In all current quantitative methods, percent breast density is evaluated in a binary fashion -the pixel is either positive (breast tissue) or negative (fat). However, some women have extremely white breast tissue located in focal areas, while others have less strikingly white tissue but located more diffusely throughout the breast. Current methods do not allow weighting of pixels of breast tissue by pixel depth.
One of the barriers to incorporating pixel depth into quantitative methods is that the technique with which the image is acquired may affect pixel depth. Higher contrast images will be obtained with lower kVp, higher processor temperature, longer processing time, and higher contrast film. It should be noted that most of these variables apply to film screen mammogram acquisition. Some investigators are incorporating a small reference phantom in the image that may allow adjustments to be made between images to account for different techniques (John Shepherd, UCSF, verbal communication). Pixel depth could then be used in a more standardized fashion. As digital mammography becomes more commonplace, processing and film variability will become less important though image-processing algorithms will then become important. . Analog mammogram is 54.4% dense, whereas digital mammogram is 37.0% dense. The total area of breast tissue in the digital mammogram is 43% greater than the film screen mammogram, while the area of breast tissue is nearly identical (only 3% lower). Lower percent breast density on digital mammogram in this case is therefore due to more subcutaneous fat being included on the digital mammogram (arrows), since the dense area is similar between the two cases. . Analog mammogram is 49.4% dense, while the digital mammogram is 29.4% dense. In this case, considerably more subcutaneous fat is included on the digital study. However, a significant amount of breast tissue is not recognized as such by the program. This is more obvious on the digital mammogram (white arrows) compared to the analog mammogram (green arrows).
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Quantitative assessment of percent breast density has been positively correlated with increased breast cancer risk, but some have proposed that the qualitative nature of the breast tissue is also important. Breast tissue that is more nodular has been termed "dysplastic" or DY by the Wolfe criteria (19) . A recent study found that the addition of percent breast density to Wolfe criteria improved prediction of breast cancer risk, but the addition of Wolfe's criteria to percent density did not improve breast cancer risk prediction (20) . Area of breast tissue alone does not correlate as strongly with breast cancer risk as percent density (2). All 12 studies correlating breast density with breast cancer risk used percent breast density rather than the area of fibroglandular tissue.
Although breast density is a moderate to strong risk factor for developing breast cancer, its use in risk assessment models is limited. The Breast Imaging Reporting and Data System (BI-RADS) (21) breast density categories has poor reproducibility (22, 23) . Current quantitative methods are somewhat cumbersome requiring digitization of analog images and the use of special software. Digital mammography is the ideal setting for automated measurement of percent breast density as the image is already in digital format. Development of easily available systems software that could assess percent breast density in a reproducible automated fashion would allow incorporation of breast density into risk assessment models.
The use of dual x-ray absorptiometry (DXA) to measure percent breast density is being explored by Shepherd et al. who have found the method feasible using standard DXA machines used for bone density analysis using cadaver breasts (24). In DXA imaging, two consecutive x-rays of differing but low energy are taken. Differences in x-ray absorption between fatty tissue and dense tissue are compared to calculate percent breast density. While use of a standard DXA machine is feasible, this technique could also potentially be done using digital mammography machines (24). The exposures used are considerably lower in dose than those used for diagnostic imaging, so the increase in exposure would be minimal.
A limitation of our study is the small sample size and that the mammograms were separated by up to 25 months. Since women decrease in breast density with advancing age, some of the decrease in percent breast density seen on the digital mammograms may be due to normal breast involution rather than differences in technique. In addition, some women may have undergone menopause or initiated use of hormone replacement therapy or selective estrogen receptor modulator agent such as tamoxifen or raloxifene in the interval between mammograms. These factors could clearly affect breast density and were not assessed in our study. However, observations made during quantitative readings found plausible reasons for lower measured percent density on digital mammo-grams compared to analog, primarily improved detection of the skin line resulting in inclusion of more subcutaneous fat. We are in the process of organizing a larger study within the American College of Radiology Imaging Network (ACRIN) Digital Mammography Imaging Screening Trial (DMIST).
In the DMIST study, women received a digital and film screen mammogram on the same day by the same technologist. Comparison of these images will eliminate changes due to normal involution or use of exogenous hormones or antiestrogenic compounds. We will also collect technical factors such as compressed breast thickness and exposure.
Another limitation of our study is the use of only one software program to perform quantitative assessment. We chose this program because it is widely used and has been validated to predict an association between density and breast cancer risk (1, 10) . The other type of computer assisted quantitative assessment uses a mouse to outline the breast parenchyma and skin line (2, 25). Subcutaneous breast tissue may be more easily incorporated as breast tissue using this method. However, complicated, poorly defined parenchymal patterns such as that in figure 6B would be difficult to manually define when using a mouse. This method does show good correlation with breast cancer risk (2, 25).
Quantitative assessment of percent breast density has been extremely useful for evaluating the relationship of breast density to breast cancer risk (3). All of these studies used film screen mammograms. This study found that percent breast density was significantly lower with digital mammography compared to analog films, and identified several limitations of current quantitative methods. A significant implication of this study is that breast cancer risk predictions based on percent density as measured using computerized thresholding methods would be considerably lower when applied to digital mammograms. Quantitative assessment of percent breast density could be further refined by developing a method to account for uneven breast thickness and different x-ray techniques. The incorporation of a small density standard may facilitate resolution of these issues. Digital mammography is well suited for assessing breast density as the image is already in digital format and therefore readily amenable to post image processing and automated segmentation techniques.
